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ABSTRACT

Presents the desié;n of a sys“rem to orientate a balloon-—bom instrument
package about a vertical axis. Pointing accuracy obtained is i_ 1°5°., AnA o
independent photographic ré.cor'ding system measures the azimuth angle with
respect to the star Polaris to j_ Oolﬁ;: The mstr'ument package is rotated -
against a light wc-:ight reaction wheel which is designed for maximum moment
of inertiao A pulse-width modélation system is used to d'r:i.ve the orientation
motor, A fluxgate magnetometer , used for the sensor element, causes the
instrument package to be orientated with respect to the horizontal component '
of the earth's field, The instrument, a garma-ray telescope, is oriented
in the north-south plane and is tilted at an angle with the vertical which

will ccr'respond with the elevaticn of the suspected gamma-ray source when

the source crosses the local meridian, ! |
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NTRODUCTION

\One_ re’quir\emén‘c of many modern ballocn-borne experiments is Fth‘at fhe
‘orientation of the instrument package about a vertical axis be fixed wrth
_ respect to a pre-«detemned set of coordlnates. A typlcal experment hav:.ng
such a. mquremnt is a search for gamna—-r'av sources using a telescope
ueVeloped at the School of Physics and Astronomy Univers:'ty of Minnesota.
This teleczope consists of an array of pafticle detectors including photo-
graphic nuzlear emulsions, scn.n’c:.llatlon counters, spark chanbers, and a
gds Cerenkov counter,

The physical size of this detector array is iargé yycompared to the
 electronics pdcKages, battefies, and auxilliary equipment,  Tor this reason
the entire instrument package, contained in a pressurized cylindrical conta.{ne'r,
appmxifnate) y 4915 m diameter and 2,13 m long, is hung at a fixed declination
and oriented about the vertical axis so that éuspec‘ced sources sx;eeep- through
the opening angle of the telescope, In our suspension system, the ecvlinder
is supported by a trapeza~type framework, with the capa;bilityq of tilting the
detector packase e;t' angles of 10° to 26° from the vertical, The entire

, £ :
package\weigjhﬂ approximately 250 kg | The physical constraints on the
orientation systen aré that no part of the mechan{sm is to orotrude into the
field of view of the detector, and that the amount of n;ateriél above the

horizontal piane containing the upper end of the detectors is minimized,

MECHANICAL YDBSIGJ
The ebjectives of the mechanical design of. our syqte*"\ are to couple ﬂie
instrunent package to the balloon in a way that allows the .nstmment package :
t¢ rotate avoub the ver*tmca). axis with respect to the balloon, to provide
adequate strength to withstaﬁd the -shocks of lamchi.ng, parachute opéning,

and ianding, and to provide a reliable method of orienting the instrurent -



package. We mounted our reaction wheel above the instrurent‘ package and
incorporated the drive mechanism which rotates the instrunent package
against the reaction wheel into the suspension system, Figure 1 shows thé
main elements of the suspension system. The attachment to the balloon is
made by standard flex:.ble steel cables and cable fn.ttlngSa The thmst -
bearing in the top plate allows the instrument package to rotate wrth
respect to the balloon. The universal joint is used to compensate for

the difference in lengths between the cables used to attach the insmlient
package to the balloon, If the top plate is not perfectly horizontal when
the package is suspended from the balloon, the univexsal joint will prevent
the thrust bearihg from binding.

The safety cables and safety plate, with its thrust bearing, are a
backup system for the universal joint; they will support the instrument
package if the shock of parachute opening breaks the universal joint,

The reaction wheel is a lightweight 11.9 kg structure on the genenal
design of a bicycle wheel, 2,75 m diam, The rim is made of 2,54 om square
aluminum tubing. The spokes are made of .16 cm steel aircraft controi
cable; standard control v'cable fittings are used to secure the ends of
the cables *o the rim and hub, The flanges of the hub are made of 1.27 em
Alwninun platey, 15,2 am diametgr and separated by 20.3 cm, Following the
bicycle wheel design, the twelve sgokes are arranged so that they are
nearly tangential to the hub at the points of attachment, in or~der to
transmit the max:.mwn torque to the rim for a given tension in the spokes.

The reaction wheel is fastened to a stainless steel shaft, 1.59 cm diameter,

| This shaft is threaded on _both ends; the upper end screws into the bcttan

end of the universal jo.mt, a nut on the bottom end of the shaft bears

aga:mst a timing belt pulley whzch, in tur'n, bears agamst the thrust beamng




beneath the top beam, 7 '

The timing belts and pulleys (T. Rs Wood's Sons' Company, Chambersburg,
Pa,), constitute a 25:1 speed reduction coupling between the motor and the
shaft, and enable the motor to rotate the iéac’cion wheel with nespect to the
instrument §ac1<age, Thus, the instrument package from the balloon and as
the drive shaft for the orientation system, |

Initially, several designs for using the balloon as a reaction wheel were

-considered, These designs are incompatible with the requirement that the

parachute, by which the instrument package is lowered to earth at the termination

_ of the flight, is to be used as the coupling between the balioon and the instrument

| package. In this arrangement, the shroud lines of the parachute and the instrument

package constitute a 'multifilar' pendulum whose free oscillation frequency in

- the rotational mode is given by

o= (/) (g/1Y?

where 'w' is the natural frequency,\ 'k' is the radius of gymtim of the
instrument package, 'r' ié the effective circle of separation of the shroud
lines, '1' is the length of the shroud lines? and 'g! is the aéoelemtion of
gravity. From the measured values of '1', '};', and 'r', the multifilar
pendulun frequency for our system was calc’:ulated to be .4 radians/second,

The natural frequency of our orientation sy‘stem,v for a torque gradient of

+25 newton-m/radian and a moment of inertia of 35.4 kgémz is 4,26 ~md:‘.a.ns/se.c‘:_o’n‘dAf
These two frequencies are close enough toeach othéf to create a difficulf
design problem if the balloon is used as the reaction wheel, The design o
problem is made more difficult by our inability to predict pérameter's' such"aé_ '
air damping and bearing friction at the balloon cperating altitude., By -
rigidly coupling the reaction wheel and the mstrwmnt package, most of ths



i

m"ierent d@qlfgn dlfflcultles can be av01ded. In the d@Qelonnmnt o;’ our de51gn
we i‘ound that it is mmor*tant that the reaction wheel be coupled to tHe
balloon and that the 1nstrwnen1: package be couwnled to the reactlon wheel.

If the ,rveactlon wheel is mmted on the bottom of the instrument oackagre,

and the orientation svsten at'temnts to orient the 1nstrwn¢=nt Dackagre, the
fmctlon of the thrust beamng between the balloon and the mstmment

package will cause”the parachute shroud lines to twist and store energv,
Then, when the instmment package is properly or*i_enfed, and the motor
stops, ‘fhe ‘shmud lines will untwist and rotate the instnnrient package |

awaiy fron the proper orientation, If the thrust \bear*ing' was an ideal
frictionless bearing, the 'sj/stem of the reaction wheel, instrument p_a‘d(a_p;é, |
and notor would be incapable rof acqgir*ing any angular morentun with respect
to an external reference, | However, the nonlinear friction of the bearing
will coup‘le‘the‘ instrument ‘padf\age to the balloon which in turn is counled to
the earth throush aerodvnamic friction. Uncer these c_’:onditionslthe syétem
would aéquim angular momentum when the motoiﬂ rotates the reaction wtheel,

and the sysfem could onlv dissipate this momentum throuch the flexible
coupling of the parachute shroud lines to the balloon., In owr design, on the
other‘lfnand, motor toraue over*cofnes the friction of the bearing between the
instrument package and the reaction wheel through a rigid counling, and the
system doef not acquwo any angular momentur*. In our svsten, in fact, the -
friction in the beamnn betwsﬂen the reaction wheel and the balloon provides
a small amount of cou"ﬂ.:mzy to t‘le balloon, and helfm to 61 qlpate anv

angular’ mcmentum the sV8 tem mav have acqulr'@d.
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ELECTRONIC TESIG

The electronic c:chua_tr;v used 1n the orientation snrvo systen is
essentially a puls'e—w:.dth modu_latlon system. (See Figure 2, Drawing 1131-203, )

The »ower tmns'is;tor_‘s ‘Whiﬁch drive the orientation 'rnotér are operated as
<;w1tches, ‘thev are either qormletOIV off or comnletelv sa+urated. Linear
control is achieved by contr‘ollmg the duty cvcle, or ]"a‘th of conc *uctic)n tine
of the pover tnansistors to total cvele time. The pulse repetition frequency
is 500 ilz, nuch faster' tﬁan the resnonse t:me of the mec‘mnlcal svster,
Consequently, the motor acts as an integrator; its tomuo is. nro’aor*tlonal
to the avef*age potver delivered to it, An advantage of this svstem is the
built-in dither; when the systenm is near the null nosition the input to the
rotor i? a series of narrow *)uT ses, which, in turn produce tormue impulses
fror the nctor and help to overcorme static fm.ct:.q:‘x. The motor driver
trensistors dissipate a minimum of power in this svstem; conse'x_uentiv,

elaborate heat-sinks are unnecessarve Another ad’van‘tafte iz the ease of

incorporating additive terms te the systen res sponse function, This ability
makes 1t possi hleﬁ to countemct the .n':—hnear friction of the rotor and

I
bearings.

The b?..sid circuit in our systenm lS a -modifi..eé heig_;ht-—ti;ﬂc converte-r,
which produces a nulse “I’OT)OI’t].O“l?l in duration to the & rﬂw tude of the error
sign al. The trailin il edg' thn emr—"mﬁowtlonal nulsn tr'rnrmq a monnstable
nultl-wbr‘uto; , which, in tum, procuces a lead-r-ﬁ ath nuleo The width of
the seconc pulse has been adjusted to compensate fo’f_ the static friction of
the notor bruqh s and "ondola rUf*wnf‘lon "wam nes anm also to car nensa.tcz for -
the L/R tine-coristant of the mtor' r.-zindi’ngs.f. The two sequant 1.&1 Tmls a‘re
added in time to produce a drive nulse 1o the motor of the fm;ﬁt’ion:

t =k nET |

where 't' is the total duration of the drive pulse, '<' is the gain of the.
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servo system, '0' is the efror angle, and 'T' is the duration of the fixed
width pulse, | | |

The sensing element used to orient the instrumént'péckage is a flhx;gafe
nagnetoneter, (Type MID-5C-100MB, Schonstedt Instrument Copany, Silver

Springs, Maryland,) The output function of this magnetometer is:

E out = k (cos 0) ¢
where 'k' is a constant dépéndentlon the model of the magnetémeter, 0 is
the angle between the axis of the sensor and the magnetic field vector, and
'$' is the scalar intensitv of the magnetic.field. Mo marticular difficulties
were encountered in using the single axis magnéfometer, althourh the axis of
the sensor weds horizontal,,and_therefore the error signal was pronortional to
the angle between the axis and the horizontal comonent of the earth's mégnetié
field, The error signal from the ﬁagnetometer is fed into a mixer amlifier,
Because the error signal is a low amplitude dc signal, a differential trensistor
pair is used for good temperature stability. In principle, several other inputs
could be fed to the mixér«amplifier? such as the outputs of rate VTOS
techometers, and other velécity~dependent>signals, to provide damping, or
programming signals to compensate for the change in magnetic variation, The
basic_timing circuit for the svsten is a simple unijunction relaxation
oscillator, followed bv pulse-shaping circuits which srovide both nositive and
negative pulses at 500 Hz., The timervpulsés charge the integrating capacitor
in the Hilier integnatbr féhp7generator. fhe output~of the Miller integfator
is fed to a phase~splitter, which provides two rampsvof nearly equal amplitudé
and opnosite polaritv. An adiustable section of the emitter resistor in the
phase splitter controls the saturation,VOltage of the phase splitter, and

also the effective deadband of the svstem,



The rarp voltages are compared to the error signal in two parallel
fiisérijniﬁators. The (62} ‘discr*ir:ﬁnator will prdvide an output pulsé if the error
sighél is positive, and the CCY discrﬁminafor will provide an output pulse
_'if the error signal is negative. A_lthoﬁgh one discriminator could have been
used with a triéngular wave rﬂefef‘ence, the maximum duty cvele nossible would
have been 50 percent; our* svstem can. a‘t:taln a maximum dutv cvcle of nearly
100 percent, The outﬁut of the dlfferentlal ampllfz.er in the dlscrmmator
is fed into a Schr.titt trigger circuit; the r’egenerative feedback and hvsteresis
of this circuit ensures that the output éignal will &fiﬁitely be in either*_
the '1' “(posi’c'iVe) state, when the ramp voltage is less than the error
signal; or the '0' (negative) stéte, wheﬁ the ramn voltage is gfea‘cer than
| the error voltclgp, m.th rrum.mum of sw:Ltchmp time, .The.outp.ut of this
circuit is fed to a phase s’pllt’cer, whlch provides hoth the signal and its
complement to the various logic circuits, The trailing edge of the dis-
criminator pulse triggers the’fii:‘ed‘ Uulcse'gen@éator.. The outputs of the
dlscrnmnator, the fixed pulse grenerator, ‘*')d' a' pmtec”cw' on or enable flip-

flop circuit are comblned in a 10?10. circuit to produce the input pulse to

the motor driver circuit,

The Boolean function of the logic circuit is, (for"a positive error signal):

(CTFIZD ¢ OF DISCRUMNATOR) * CF ENABLE
By Delorgan's theorem, this expression can be simplified to:

(CH FIXED + CH. DISCRIMDIATOR) . cd EHABLE'

Thus, for a pulse to the motor dmvcr 'to be wenerated, the enab1° flm-floo must'

be in the proDer state and elther the &scmmmator’ or t‘xe ‘1xed Dulse gmnorator, _

must be in the '1' stage.
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The enable flip-flop hasy the important fmdtion of ensuring that onlv /
one 'polarity' of drive pulse to the motor drive 01rcu1t is Oroduced :m any
one cycle, That is, if noise causes the discriminators and the fixed pulsp -
generators to produce simultaneous pulses w‘nich would drive the rotor in both
directions at the same time, the enable flip-flop allows only one di'r*ecfion of | |
motor drive at "any-One time, }Thle state of the enable flip-flop is changed
by the negative-going trailing edge of the discﬁnﬁnator pulse which has the
greater length and, therefore, more error signal component.,

The motor driver circuit consists of a simple bridge circuit using PP
and NPN transistors in complementary symmetry, Reversed-bias diodes are ,
connected across each transistor, collector to emitter, to clamp any VOltagé
transient genéfated by switching off the current through the motor windings.
In such a bridge, great care must be taken that only those two transistors on
opposite sides of the motor-conduct at any one tifne. This precaution is
satisfied by the enable flip~-flop, and by the design that requires positive-
base drive from an external source. This design also ensures that the bric‘ge
will not destroy itself if the regulated supnly voltages to the logic are not
present, |

The operation of the pulse-width modulcation can best be understood bv
tracing the signals through a cycle with the aid of the timing diacran |
(Figure 3),

Initially, assume a negative eriror signal which is inverted by the mixer-
amplifier, The timing oséillator bﬁlses and resets the ramns to zero, Because
the ramp voltage is lower in amplitude than the ervor voltage, the G dis-
crinmjuator is in the '1° stéte.‘ tlhen the amplitude of the ramn voltage
equals the amplitude of the error. fslg;nal the discriminator switches to the
0! state and, in chln;r, tmoger‘q the fixed pulse generator, Assuaing
the emable flip- flop is in the’ pro;xar state, voltage will be applied across

the motor windings as long as either the discriminator or the fixed pulse
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penerator is- in the '1' state. As' the axis of the instrwnerit nackape éppmadﬁes

e

_ the proper’ orlanta’clon t’he amwl:.tude of the error signal and t‘w Guration of the
'dlecmmmator* Dulse decreases un‘cll when the omentatlon is mt‘nm 'thﬂ dead
band; no drive pulsn is applleu to ’the motor at all, If the axis o.L the -
1ns+rur'£’nt cmss,o ’che deadbanc the,;nmr voltage mll reverse in pclamtv,

fthe ccH da.scrlmnator- mll pr‘oduce '3\115@«3, and after the first wulse Has

' changed the state Q the ermble ﬂm-—flon, the notor will turn in the omos:.‘cﬂ
dlwctlon. . R o R -,

The motor uqed in our qufem is an Inland m:)p T 5721 (Inland Yotor
Cor'poration‘of Virginia, Radford, ‘Virfginia). This motor is a permanent-
magnet torque rotor; ‘t’naf _'is, fhe” output tofque is nearly oroportional to
the applied voltage, over a wide range of angular 'velocities. The speed
voltage, or béck emfv, coefficient is’vei"y low} This tvpe rotor xqés chosen
for its faest response and 1ts high stall tomue, \

Bacause the outnut of the negnetometer is a de sign al; the instabilitv bf
the positive and negative 6 volt Dower c;upslles is directlv related to the
error in orien‘tation. In our deqlpn, the vomtlve and negative 6 vol*
SulelCS are series T’P?U_La'tOI‘"-}, drawing their power from the sllver-zmcv J
cells usad to power the rest of the :Lnstv‘ment nackage., A tenwar*'t*'r‘e-
conppnsated silicon breakdown diode (‘40*0*019 CR 2225) is used as the
single voltage mfemnce in the OOol‘thE'.‘ sunnlv. The negative qur)plv
obtalns its Pefemnce from the p051t1Ve rpgulated outnut vol\.aﬂe,' 80 tnat,
if the mfemnce changes w:Lth terperature, the positive ¢ emd ne,ctati-ve; volta.gesﬂ
will chanre equally in magnitude, In ’temner*a‘cum t° ts the voltares chanped
approxinately © n:Lll:Lvolts over the temnrature rang*e from +2 °C to -3','J°C.
The onlv effect of chanses in the motor qufmlv voltages is a sli rf}‘t change

in systen gair; cons eouontlv, the motor is su*m]wd ulre’“tlv f’mr\ the*

atteries,

P
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TLIGHT RESULTS
The lhiveréity of I~ﬁbme§6ta garm*aa—-r*av t‘“é_lésco;)e wag flown fromt’ne NCAP.
facilitv at Palestine ,‘ ‘Te:"(as , on 16 Octobef,- 1’956 and again on 12 'Devc_emvékr,
1966, 'ihejorientati_on .sys’cem' was turmed on bv grbund command vhen the balio‘on
reached its ceiling of Vll#Oz,OOD‘ ft, Orientation was achieved wi’cﬁin 30 §ec§nd<s;
_and-ﬁel(i to within # 1,5° for 4 h,étms, the duration of the flight, The |
orientation direction was monitored by two 35 - cameras vhich were mounteci

on the instrument package so that when orientation was achieved the star

Polaris was in the field of view of the cameras, In one of these shutterless

careras the Film traveled éontinuously, in & horizontal direction, to record
the pitch about the east-west axis, In the other bamera the fllm traveled
in a vertical direction to record the azimuth angle, Firure U4, which S‘hO‘;-IS
a sample of the vertically moving film, illustrates the pointing zccuracy of
the orientation svstem, The track of Polaris is deliberatelr »f-¢enter in
this part of the film to compensate for the chanpe in variation in the narth'e
field as the balloon traveled fron west to east.

The horizontal scale in Figure 4 is ‘c‘né actual field of view of the
carera, The actual azimuth error from the center of the film is, for small

error angles and low geographical latitudes, aporoximately

. .. _ A field of view
A aziruth. = cos(latitude) e

The lenses in these careras are 35 mm, diéreter x 118 mm, focal length. The
£ilm, which travels at a linear velocity of 4,7 cr/min., is Kodak Linagraph

Shellburst, Estar Base,
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Figure 2:
Figure 3:
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FIGURE CAPTIONS

lMechanical design of suspension system,
Orientation circuit,
Timing diagram for the orientation circuit,

Sample of film from azimuth monitoring camera,
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